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List of Symbols

static pressure coefficient
inner diameter of jet
ambient pressure

maximum pressure in the impingement region

reference dynamic pressure, equal to (P, - P,)

velocity

velocity of jet at nozzle exit
reference velocity, equal to /%§§
velocity at jet centerline
velocity in the x direction
velocity in the z direction

wind tunnel velocity

jet impingement point

vortex maximum penetration point
vortex separation point

reference jet-to-crossflow velocity ratio =

208

VO
Voo




Introduction

The impingement of a concentrated circular jet exhaust flow on a ground
plane results in the formation of a wall jet which flows radially from the
point of impingement along the ground surface. Forward motion of the jet
source or the introduction of a counter-flowing freestream interacts with the
wall jet to create a stagnation line and tend: to roll the wall jet back on
itself forming a horseshow-shaped ground vortex, as illustrated in Figures 1
and 2. Generally taking the shape of an ellipse whose major axis is aligned
with the freestream flow the location of this stagnation line is dependent on
the relative velocity of the freestream and wall jet flows and the injection
angle of the jet exhaust into the freestream flow. The location of the
vortex is nearly coincident with the stagnation line but at a height above
the ground which is also a function of the relative velocities of the jet and
freestream flows. When flow conditions are appropriate for its formation,
this vortex is a major source of the induced flow in the near field.

An experimental facility has been developed in the 1.23 m (48-inch) wind
tunnel of the Applied Research Laboratory at The Pennsylvania State University
to model this ground vortex. The purpose of this facility is to study the
affect of various parameters on the location and characteristics of a ground
vortex.

Previous studies concerning this type of flow are few and very limited
in scope. Colin and Olivari [1] have experimentally determined the location
and established the elliptical shape of the vortex line for one nozzle height.
In addition a dimensionless relationship was proposed between the vortex

separation point and the ratio of wall jet velocity at the impingement point
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to the cross flow velocity. Parameters such as the presence or absence of a
boundary layer on the ground plane have also been shown to influence the
location of the ground vortex [2,3]. A recent survey on ground effects and
testing techniques is given by Kuhn [4].

A recent effort by Stewart and Kuhn [5] to develop a prediction method
for STOL ground effects indicated the need to not only establish the location
of the ground vortex as it varies with parameters but also the strength of the
resulting vortex. As a result, an experimental investigation was conducted in
the 1.23 m (48-inch) wind tunnel into the formation, stability and strength of
the ground vortex for several flow parameters. The intent of this paper is to
summarize the design of the facility, special instrumentation and results.

Experimental Facility

All tests were conducted in the subsonic wind tunnel. This facility
is a closed-circuit, closed-jet wind tunnel with an octagonal test section
which is 1.2 m (4.0 ft) across and is 4.9 m (16.0 ft) long. The test section
velocity can be varied continuously up to 36.6 m/s (120 ft/sec) and honeycombs
and screens in the settling sections reduces the turbulence level in the test
section to be less than 0.10 percent of the free stream velocity.

A 76.2 mm (3.00-inch) diameter open-jet was fabricated and inserted
through one side of the test section as shown in Figure 3. The jet features a
16.0 to 1.0 contraction ratio and is equipped with two wire mesh screens and a
honeycomb to reduce turbulence. The 45.7 m/s (150 ft/sec) jet was powered by
a variable speed 3.7 kW (5-hp) blower which injested air from the wind tunnel
at a port far downstream from the test camber.

The test facility was formed by two vertically mounted 2.4 m (8.0 ft)

long wooden panels with circular arc leading edges. The jet tube extended
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152.4 mm (6.0 inches) through the center of one of the panels. The movable
ground board shown in Figure 4 was designed to facilitate conducting the
various phases of the test program. The ground board was located between
horizontal ceiling and floor inserts and could be positioned at 1, 2, 3, 4, or
6 jet diameters from the jet exit plane. At each position it could be moved
and flared to control the static pressure gradient due to the wall boundary
layer growth. In addition, a slot was included on the ground board for
boundary layer control. The ground board was also equipped with
interchangeable .6 m x .9 m (2 ft x 3 ft) window inserts. Three windows were
available for various phases of the test program, i.e., a glass with
fluorescent mini-tufts, a glass window for LDV surveys, and a plexiglass
window instrumented with static pressure taps.

Instrumentation

The jet velocity was monitored via 3.17 mm (0.125-inch) diameter kiel

probe in the plenum section and a static pressure tap in the wall of the jet
tube. The wind tunnel velocity was measured by a 3.17 mm (0.125-inch)
diameter pitot-static probe mounted on the floor insert midway between the
sidewalls outside of all wall boundary layers. For the wall-to-wall flow
surveys a miniature five-hole probe [8] fabricated at ARL/PSU was utilized.
In addition, this five-hole probe was also used to determine the mean velocity
jet characteristics and a single element hot wire anemometer was used to
determine the turbulence characteristics. It is important to note that the
jet characteristics were determined with the ground plane removed and the wind
tunnel separated at points A and B as annotated in Figure 3.

Flow visualization tests to locate the separation line and the forward

extent of the recirculation bubble on the ground plane were conducted with a
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large matrix of fluorescent mini-tufts on the ground plane. This technique
which was originally developed by Crowder [8] and was extended by Stinebring
and Treaster [9] uses extremely fine fluorescent monofilament fibers ((0.178
mm 0.007-inch diameter)]. These fibers are attached to the window by a tiny
drop of cyano-acrylate glue and illuminated by an ultraviolet light source to
map the flow.

The static pressure distribution on the ground plane was measured via
window insert having static pressure taps. In all, 56 static pressure taps
having 0.787 mm (0.031-inch) diameter holes were used as shown in Figure 5.

All pressures in this test program were measured with individual
transducers which could be sampled electronically. The temperature of the
test environment was determined with a temperature probe and recorded as one
of the input channels. All data were acquired on-line via the VAX 11-782
computer system which permitted on-site graphic terminal display of the
primary and reduced test parameters and later hard copy output of the selected
data.

Details of the ground vortex velocity field were determiﬁed by a
five-beam, three-component laser Doppler velocimeter system. The system
measured three velocity components at the crossing of three green beams and
two blue beams by collecting the light scattered by the seeded particles in
the flow. Thermal Systems, Inc., optics with a four-watt Lexal Argon-Ion
laser was mounted on a three-axis traverse as shown in Figure 6. The digital
output of the three counter processors were processed in a VAX 11-782
computer. The computer produces histograms of the measured velocities and

computes the statistics of the flow including the mean velocity and turbulence

intensity.
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Summary of Experimental Results

Jet Characteristics

Velocity surveys to measure jet characteristics were conducted at
x/Dj =1.0, 2.0, 3.0, 4.0, and 6.0 with Vj = 45.7 m/s (150 ft/sec) across its
potential core. The axisymmetric velocity profiles obtained with a 5-hole
probe are shown in Figure 7 for the vertical plane. The surveys in the
horizontal plane are virtually identical since the jet is axisymmetric. Shown
in Figure 8 are turbulence measurements acquired by using hot-wire anemometry
at x/Dj = 2.0. The turbulence intensity at the centerline and at x/Dj = 2.0
was experimentally measured to be less than 2%. The impingement point of the
jet on the ground plane depends on the jet-to-crossflow velocity ratio (Vw/Vj)
and ground plane position (x/Dj). The variation of the jet impingement point
with ground plane position for various jet-to-crossflow velocity ratios is
shown in Figure 9.

Test Chamber Characteristics

The ground board location relative to the ground vortex location was
varied longitudinally so that the LDV surveys could be centered at a position
approximately 101.6 mm (4-inches) downstream of the window's leading edge.
Thus, wall-to-wall surveys were conducted with no jet flow at the five x/Dj
locations and crossflow velocities of 4.6, 9.1, 13.7, and 18.3 m/s (15, 30,
45, and 60 ft/sec). The data for 18.3 m/s (60 ft/sec) and x/Dj = 2.0 are
shown in Figure 10 2nd is representative of the other velocity and location
data. It is important to note that these survey data were obtained with the

boards flared as to minimize the pressure gradient, and as the data of Figure

10 indicates, a uniform pressure from wall to wall was achieved.
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Ground Vortex Position

The window instrumented with the fluorescent minitufts was used to
obtain a first-order measurement of the ground vortex location. Photographs
such as shown in Figure 11 were utilized to obtain the location of the separa-
tion line and the leading edge of the recirculating region (Z1e) on the
ground board as shown in Figures 12-15. Zg and Z;, were measured from the
impingement point of the jet. The summary of the vortex position data are
shown in Figures 16 and 17. In addition, data from tests conducted at
Rockwell [10] are also included in Figure 17 and are shown to be in very good
agreement. Several of the Z;, values at Vm/Vj = 0.3 and 0.4 were no longer on
the viewing window as indicated in Table 1 which tabulates the various vortex
parameters for each flow condition. Vortex oscillations were also noted and
were most pronounced at Vm/Vj = 0.1 and 0.2.

Colin and Dlivari [1] derived a dimensionless relationship between the
vortex separation point and the ratio of wall jet velocity at the impingement
point to the cross flow velocity. This relationship was derived by assuming
that the energy in the wall jet equals the energy in the cross flow at

the point of separation and is

5% = 1.03 A*0-9 (1)

J
where Zg = vortex separation point and A = reference jet-to-cross flow
velocity ratio. Using the ground plane pressure data recorded earlier, the
vortex separation point (ZS) was calculated by Ecuation (1). These values
are compared to theoretical values and flow visualization in Figure 18. Very
good agreement was found although the boundary layer on the ground plane

varied from 12.7 to 95.2 mm (0.5 to 3.75 inches) for the present study.
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Laser Doppler Velocimeter Data

The 3-component LDV was utilized to measure the vortex velocity field on
the ground plane. Initially, the shape of the vortex was visualized by
micron particulate as they pass through a laser-light sheet. Photographs
indicate that the vortex appears to be nonsymmetrical. In addition, flow
visualizations indicated that very few of the cross-flow seeded particulate
appeared in the core of the vortex structure where as most of the jet seeded
particulate appeared in the core. Additional flow visualization tests are
planned to document these particle trajectories.

Traverses through the center region of the vortex are shown in Figures
19-21 for the case of Vx/Vj = 0.1, 0.2 and x/Dj = 3.0. Velocities in the wall
jet region were measured to be approximately twice the velocities measured in
the opposing cross-flow region. This result notes a nonuniform energy
distribution as opposed to the classical free vortex shape.

Summary of Investigation

A test facility suitable for the study of the ground vortex resulting
from a jet impinging on a ground board in the presence of a cross-flow has
been developed. The aerodynamic characteristics of the test chamber and jet
have been determined. Data on the ground plane static pressure distributions
and flow patterns were obtained for many flow conditions. Experimental data
have confirmed Colin and Olivaris model. LDV measurements of the ground
vortex indicates a nonsymmetric velocity distribution. In addition, the
velocity field appears to have oscillations.

The data reported in this paper represents only some of the test results.

More detailed velocity data of the ground vortex are currently being obtained
with the LDV system. In addition more tests are currently being planned to
determine the influence of incoming ground board boundary layer on the vortex
location and characterize the stability of the ground vortex.
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(a)

TABLE 1.

GROUND VORTEX DIMENSIONS

WV | iy |z |z,
X/Dj = 1.0
0.1 0.00 4.25 1.75
0.2 0.00 2.75 5.25
0.3 0.00 2.25 4.75
0.4 0.00 1.50 3.25
X/Dj =2.0
0.1 0.00 4.00 6.25
0.2 0.00 2.75 4.25
0.3 -0.25 1.50 2.75
0.4 -1.00 0.00 2.25
XIp, = 3.0
0.1 0.00 5.50 7.75
0.2 -0.75 2.00 3.75
0.3 -1.00 0.25 2.25
0'4 LR NN XY ELE N Y 1.00
- Xin, = 4.0%
0.1 -0.50 5.75 8.25
0.2 -1.50 0.75 3.00
0.3 -2.75 Bakes 1.50
0.4 el XX IR T NN LT R
X/, = 6.0
0.1 -0.5 4.50 7.50
0.2 -3.25 -2.25 1.75
0.3 LR BN 1] - Y ok ook
0.4 LR - N-§ 1 LT X xad

***** indicates that the ground vortex was blown

downstream off of the tuft window,

217



u1s331ed MOTJ PUBTJ Punolin Jo MITA doy T @an314

IN10d INJWIONIdWI
INITY3INID 131 /
3 - —-— /+ +

X31d0A
aNnodod

AN
NO ILYNOVLS

MO14 SSOdD

-

/m_z:

NOilvdvdisS

Y
13r TIVM

218




MOTJ $S01) B Ul
93eTd IeT4 ® uo ArTeuioy SutSutrduy 38r B Aq pawiog X9110A

9

*Z 2an31y

[ N S
- Z _N
LLLANS LN S S S S S S S SN s s
@ \e
+ —X3L40A |
IN10d aNnoy9 \
NO1LVALYN3d [
WINW XYW !
1 ® .
N ALI2OTIA 137 g
MOT4 SSOYD |
gnL ar

NO193¥ 13r TIYM(D)
NO 1934 INIWIINIdWI(E)
NO 193 13 F344(V)



Touuny PUIM UT uoTIETTEISUI I3[ ¢ 2an314

LLLLLLL L L L L L L L L L L bt L Ll LLLLLLLLLL

3890¥d J11VIS-10L1d

Wod N

220

UNSSTUd DILVLS N
1904d N\ HIMOE
JUNSSIUd TLOL < \\ |
4IGWYHD 4 /
ONITLLS / /
NS “ ™ quvos
/ NNOY9
/1
\ —
7 N\
1ol
1 MOANIM
Y
| SNIRDS g 4
WY03 | gooAaNoH m /
———e “




WV

UoT]1BINZTIUO) DUBTJ pPunoin -4 2iIndTg

/W \\ v
MOGNIM 14
118 YIONVHOUIINI
\

—

107S T04INOD ¥3IAV1 A¥VYANNOS

VY NOILDIS

221



MOPUTM anssaad

*¢ 2an314g

A_—O.ﬂv

ww °6¢ A:m.Hv
Y W T8E
O O 0O%0
O oo

|
GN\O O O
17~

\O OO
u\\o o)
-

A-MoHV
ww 1°8¢

4

O 000 00
O 0000 0O

)

O

O 0O 00O
0 00O

O

222




vl 13

uoTjeITRISU] I9SeT °9g BIN3TJ

W3LSAS AQT T~
ININOdWOD € di5v

SILdO——]

m_o_“m_o IONIQ33S

X3140A GNNOY9
Q¥v08 NNO¥DS __ N\

A . V. AN N 3N A A AN AV §

oy

—————

| N, . . D, VL. N . . Y I, W . N . . W . . . S ]

oo
% \
[

301A30 ON1Q33S

223




sfonang K1T00T9A —-— SOT3ISTI9IOBIARY) I3[ /[ 9In3T4

[
(Q/f) :01LvY NOILISOd T¥JILYIA

2 I 0 1- 2-
T .
N | (300°€)
,,J ww 29l = ' [
uxaar |

P 1A MOTIE -— — 3 17 JA08YV

(VISd 2°7T) Bd 6066 = 'd i
| 0°9
(Sdd 05T) S/W LGy = A 0
INTTYIINTD A1 JHL 0°€ L
1 INY1d YD 1L43A 3HL NI /o.N
SAIAYUNS ALIDOTIA TWIXY 01 =l

N
()

<r
o

224

O
o

S
X ..
(?P/\I A) “O1LVd ALIDOT3A TVIXY

o
r—




0'1

S£2AINg 9OULTNQIN] -~ SITISTIDIORIABRY) 19[

[
(a/h) 01LvYd NOILISOd TVIILYIA

m.o . - L] -
I T - @ § @ 0 m 0
f= _ =]
(1,00°¢) W 2°9] = ¢
LIX3 13[ b
Joz
Jog
3 130 MOTIE =<— | —e 3 137 3A0GY
do'y

(VISd Z2'Y1) Bd 60626 = V4
(Sdd 05T) S/w L°gp =,

o.mu_c\x 1Y ANV INITd3INID
1 JHL LV INVId TVOILY3IA
JHL NI SAIAYNS FONFINGUNL
SOILSIYILOVYEVYHI 131

*g @2an3yyg

(Eb'l'l/'l'l) 011vd ALISNIINI 3ONIINGUNL

225



A\

UofjED0] JUBTJ pUno1y YifM Iujod JuowaJufduy 33 JO UOTFIBTIEBA

— N T

Soso
00D

“AJTA

Ama\xv NOLILVOOT ANVId aNNOY¥YD

¢ 2an31Ja

T1ZZON 1AL 40 DO

0l AALLYVIZY INIOd LNIWAONIIWI 1iar="z

0°1- =
l
=
[zl
i
(9]
B
0°z- w
¢ 5
o
(@]
H
2
-3
N
0°¢- "
)
(SN
0" Y-

DAL




900° > 505y — sfaaang A3TO0T9A UOTIOBS 3IS9] °QT °and1g
("ul) NOILISOd X
el of ? ? v ¢ 0+0-
(S/Y 09) Sjw €8T ———\ =
(
07— /X lro E
o0——AJIA =
o ———A /XA ™
v—AJZA =
47’0 ™
S
=
19044 911v1S-I01ld 0 <
3904d TI0H-S =
7 / v 8
(WA v
v 48°0
(o o]
W_ h >h v \v}
3l —+
J40°1

X —

ANV1d ANNOYD

227



. n3Tt
(T°0 = .m>\8> ‘0'¢ = fa/X) NOILVZI'IVASIA MOTd °TT °ineTd

228




a
Y
4

¢
3

[ o d
ta
Al
i

?

C

ORI
OF

(€0

far=a t0°z = fa/x) s3gnL TuTH - voriEZTTERSTA MOTA TT 9anB1d

229



.
.

i
BV Yt

~x

Coa
Ca/=n <o-¢

no\xv NOIIVZITVASIA MOTA €T 2an3Td

230




ORIGINAL FA2E 15
OF PCOR (U

a3 1TV
ALITY

231

= 0.3)

J

V_/V,

.
b

Figure 14. FLOW VISUALIZATION (X/Dj = 3.0



GRi

Lo LtivE A
h

ity

232

3

Ladhid

e

per

3
s

&

OF POOR GUALIT

= 0.4)

J

v /V.

= 3.0;

J

FLOW VISUALIZATION (X/D.

Figure 15.




POUBISIQ I9[-01-dUL]d PUNOI) YITM JUTOJ uOTILaBdBS X93II0A punoiy jo UoTIBTIRA *9T 2INST4

]
(a/xX) 38NL 131 WO¥d JONVISIA INY1d ANNOYI SSIINOISNIWIA

0°9 0°g 0y 0°¢ 0°2 01
{ 1 I | 1

...o.~ w
@)
(-
- =
o <
C KA Joz 8
41IN3D X3L4OA” [ | 2
8nL 13r- m
40°¢ &
=
(]
=
dov 3
=
l
| e
o
S
. d0°¢ =
P 0a 2
€00 P,
¢'0o “__
['0w ;o.or..nlu\

="AA

233



UOTIBZITEBNSTA MOT4 WOIJ UOTIED07 93pg Buipea] X9310p punoisn /T 2andtg

[
('@/X) ‘NOILvJ0T INV1d ANNOYI

0'9 0°S 0y 0'¢ 0% 0L o
A
\A
O
b0 a \ }ﬂ
€0 o
70 9 VLVQ TIIMNO0Y
[0 o -
[ oo
AA lelllllll!
l/o L
[ 7
i
SNO1LYJ071 INYId-UNNOY¥9 SNOTIVA s
1V S31an1s NOILYZII¥NSIA MOT4 T
WO¥4 NOILYI01 XILYOA ONNOYI 0\
/z/
/U///

0°¢

NOI1v207 3903 9INIdVIT XILYOA ANNOYI

234




¢l

oTiI®Y A£3ITO0TOA MOTH §501)-03-309r

9VUBI9IdY YITM JuToq uorieaedag X9310A punoly jo UoTIBTIBA QT 2and 1y

() OlLvy
ALIJ0TIA MOTd SSO¥D-01-131 M ENEEER]
01 8 9 14 ¢
T T T _ T T J 1 T o 9
0]
0 o
© .
b— O —
o o

NOILYZITVNSIA MOT4 o
J4NSSIYd INIWIONIAWI 131 INISN QLvIndIvy ¢

[4¥AI10 ANV NI170) —

| | 1 | | ] | 1 |

—

_
/@.Ou €01 ="0/X

¢ =
[ S—
v =3
o2
=
S
wn ffe)
9 =7 8
= —
-4
g S=
=M
i
S
00 =
21




x37usn) X9310A y3noayl uoTINgTIISTA A3To0T2A

"61 @an314

A1—]. |
A
mm:zm_u .
X3140A 40°¢-
JanL 13r 7 - .
10000 i
AN,Q_«!aiﬁrﬂdwu AN%N~@ 9 o
¥ 5 07
Ac_:_vvhhn‘ T T T | T T T T T & 5 T T T
01 001 08 09 QO 0¢ o o1
9
)
¥, {0
A:O.N.v wul 8 LIl = N (0] ) .
A:D.ov EE Q.Nm.m =7 \V/ 40°¢
ﬂ N
10 = ‘AT A 0y

CAIEA) ALIDOTIA GIZITYWHON

236




X33ua) xa3iop y3noayg uoTINGTIISIQ A3ITO0Tap 0 2Ind1g

4 0°¢-

4 0°¢-
=
7. 7% do B
¢ 0 996000 iz
% m@O —
N
\4 m
W o ©
(Ww) X < T T T T T T T T { T T T 5
1741 001 08 09 8, 0¢ o
o
- -
OO 01 \.IA.)
KR LR
Ooq <
B -

\v4
(n0'p) WW 9°I0TI = Z © v —H07¢
A:O.mv W N.@N =7V Q@
. [ o
¢c0="AlA
Jog

237



X23u2) X9310A y3noiy] uoTINqTIISTA £3T00T2A

Tz 2an31d

?.o.SEEo.HoHHNO
(WG°Z)Ww g'e9=72 v

e
2°0="N"A

0°¢-

0'1-

o
—

0°¢

CArZA) ALIDOTIA QIZITYWEON

238




